abstract spermidine/spermine n1-acetyltransferase (ssat) is a catabolic regulator of polyamines, ubiquitous molecules essential for cell proliferation and differentiation. in this study, the molecular characterization of the SSAT1 gene of the sichuan white goose was analyzed, as well as its expression profiles in various follicles and tissues. The open reading frame of the SSAT1 cdna (genBank no. KM925008) is 516 bp in length and encodes a 171-amino acid protein with a putative molecular weight of 20 kDa. The predicted SSAT1 protein is highly conserved with those of other species, especially Gallus gallus. SSAT1 mrna was ubiquitously expressed in all the examined tissues. The highest level of SSAT1 mrna expression was found in the pineal gland (p<0.05), and was 12-fold greater than in the heart. The level of SSAT1 mRNA expression was relatively lower in preovulatory follicles, while it was higher in postovulatory follicles (POFs), particularly in POF1. Furthermore, as postovulatory follicles degenerated, SSAT1 expression gradually decreased. our findings suggest that SSAT1 might play important roles in mediating the physiological function of the pineal gland and regulating the regression of pofs.
2008; Casero and Pegg, 2009 ). These acetylated polyamines can be exported or can serve as substrates for acetylpolyamine oxidase (APAO), which successively produces spermidine or putrescine, as well as the by-products 3-aceto-aminopropanal and hydrogen peroxide (Vujcic et al., 2003) . All invertebrate species contain only one copy of SSAT, while all vertebrate species seem to possess two copies of functional SSAT genes, with the exception of chickens and the frog genus Xenopus, which show no detectable SSAT2 expression based on ESTs (Chen et al., 2003) . SSAT1 was discovered in rodent livers, and SSAT1 cDNA was the first to be cloned in human cancer cells (Casero et al., 1989) . Xiao et al. reported that the open reading frame (ORF) of human SSAT1 cDNA was 513 bp that coded for a 171-amino acid protein with a predicted molecular weight of 20 kDa (Xiao et al., 1991) . Human SSAT1 is a member of the general control non-depressible 5 (GCN5)-related N-acetyltransferase family, which consists of another protein, SSAT2, with 170 amino acids that shares 64% sequence similarity and 46% sequence identity with SSAT1. In vitro, the ability of SSAT2 to acetylate polyamines is very limited at high substrate concentration (Chen et al., 2003) , while SSAT2 is more sensitive toward the ε amino group of thialysine. Therefore, SSAT2 is generally described as a thialysine-N ε-acetyltransferase (Coleman et al., 2004) . SSAT1 is very highly regulated in response to alterations of intracellular polyamine concentrations to maintain polyamine homeostasis. However, SSAT1 activity can be induced by a variety of the other stimuli, including cytokines, hormones, toxins, nonsteroidal anti-inflammatory agents, and natural products (Pegg, 2008) . It is well known that SSAT1 plays a critical role in normal and neoplastic growth cells. Other potential functions of SSAT1, including roles in integrin function, obesity/glucose tolerance, stress response, oxygen homeostasis and ion channel regulation, also have been put forward. Therefore, a change in intracellular SSAT1 expression levels has been involved in a variety of pathological conditions (Jell et al., 2007) . It has been reported that in the endometrium of cows during early diestrus, there is an abundance of transcripts for SSAT1, suggesting that SSAT may play a certain role in animal reproduction (Ramos Rdos et al., 2014) . Our previous studies showed that antizyme inhibitor 1 (AZIN1) mRNA expression level in the F1 follicle was substantially higher than in the F5 follicle (Ma et al., 2015) . Concentrations of putrescine and spermidine in the F1 follicle were both significantly higher than in the small white follicle (SWF), the atretic follicle (AF) and ovarian stroma (our unpublished data). These data indicate that polyamines and their related metabolic enzyme regulate follicular development in avian species. As a key catabolic enzyme in polyamine metabolism, SSAT1 may also play a crucial role in the process of follicular development. However, the characteristics of the SSAT1 gene and its expression profiles in the tissues and follicles of geese are unclear. The aim of the present study was to characterize the SSAT1 cDNA sequence and its expression profiles in various tissues and follicles in the Sichuan white goose. These data should be helpful for further research into SSAT1 functions.
Material and methods
geese and sample collection All female Sichuan white geese aged 245-250 days for this study were obtained from the experimental farm of Sichuan Agricultural University (Ya'an, China). Geese were given ad libitum access to a standard growth diet and water, and they were maintained under uniform standard management conditions of natural light. Six egg-laying geese were slaughtered for tissue sampling by the exsanguination. The heart, spleen, liver, kidneys, lungs, adrenal glands, breast muscles, thigh muscles, cerebellum, cerebrum, pineal gland, hypothalamus, pituitary gland, spinal cord, retinas, shell gland (uterus), ovarian stroma and follicles were collected. Follicles were separated from the ovary and then weighed to identify the small white follicle (SWF), small yellow follicle (SYF), hierarchical follicles (from F5 to F1), postovulatory follicles (POF) and atretic follicle (AF). All the follicles were cut open transversely along the stigma to completely eliminate the yolk material, and follicular walls included theca and granulosa layers were washed with ice-cold sterile saline to ensure freedom from yolk material. The experimental protocols were approved by the Animal Ethics Committee of the College of Animal Science and Technology, Sichuan Agricultural University (Chengdu, China).
rna extraction and rt-pCr
Total RNA from ovarian stroma samples was prepared with an RNAiso Plus Kit (Takara, China). The cDNA was synthesized using a PrimeScript ® RT reagent Kit with gDNA Eraser (Takara, China), following the manufacturer's instructions. The reaction included two steps. First, the 10 μL reaction consisted of 3.0 μL of total RNA, 2.0 μL of 5 × gDNA Eraser Buffer, 1.0 μL gDNA Eraser and 4.0 μL of RNaseFree H 2 O. Thermal cycling was performed at 42°C for 2 min to erase the DNA. Then, the above reaction liquid was added to 4.0 μL of 5 × PrimeScript ® Buffer, 0.5 μL of PrimeScript ® RT Enzyme Mix I, 1.0 μL of RT Prime Mix, and 4.0 μL of RNase Free H 2 O. Thermal cycling was performed at 37°C for 15 min and then at 85°C for 5 s.
Cloning of the SSAT1 gene
According to the SSAT1 cDNA sequence in Gallus gallus (GenBank No. NM_204186), primers for the SSAT1 gene were designed to amplify the full coding region of SSAT1 (5'-AATGGCTTCGTTCAGTATCCG-3', 5'-TGAAGAGTT-TAGTCGCTGGAA-3') using Primer Premier 5.0. Primers for SSAT1-S (5'-CACC-CTTTCTACCACTGTCTG-3', 5'-CCAATGCCAAGTCCTCTGT-3') and GAPDH (5'-GTGGTGCAAGAGGCATTGCTGAC-3', 5'-GCTGATGCTCCCATGTTCGT-GAT-3') were used for quantitative real-time PCR (qRT-PCR). The 25 μL reaction consisted of 1 μL of cDNA, 1 μL of each primer (10 μmol/L), 10.5 μL of sterile Milli-Q water and 12.5 μL of prime STAR Max Premix (2×) (Takara, China). The PCR condition was as follows: 98°C for 10 s, 55°C for 15 s, 72°C for 80 s, 35 cycles. PCR products were gel-purified and ligated into the pMD19-T (Takara, China) and then transformed into E. coli DH5α competent cells. Positive clones that contained the expected size inserts were screened by colony PCR and then sequenced by Invitrogen.
Bioinformatics analysis
The SSAT1 nucleotide sequence was analyzed by the NCBI ORF Finder computational tool (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Analyses of the nucleotide and amino acid sequence homologies were performed using NCBI Blast (http://blast.ncbi.nlm.nih.gov/). The Protparam (http://web.expasy.org/protparam/) web-based program was used to predict the physiochemical properties of the SSAT1 protein. Domains of the SSAT1 putative amino acid sequence were predicted using the Phyre2 program (http://www.sbg.bio.ic.ac.uk/phyre2). A phylogenetic tree was constructed using the MEGA program based on the neighbor-joining method with 1000 bootstrap replicates.
SSAT1 mrna expression
qRT-PCR was used to assess the profiles of SSAT1 mRNA expression in various tissues and follicles (n=6) as mentioned in the "Geese and sample collection" section. Each sample was repeated in triplicate (n=3). PCR was carried out on a Cycler system in 1 cycle of 95°C for 10 s, followed by 40 cycles of 95°C for 5 s, 58°C for 30 s and 72°C for 30 s, and then an 80-cycle melt curve was performed. The starting temperature was 62°C and increased by 0.5°C every 10 s to determine the primer specificity.
statistical analysis
All data were analyzed by a one-way analysis of variance (ANOVA), which was followed by Duncan's multiple range test. All values are expressed as the mean ± SEM, and statistical analyses were performed with SAS 9.0 statistical software for Windows (SAS Institute Inc., USA).
results

Characteristics and sequence analysis of the SSAT1 gene
In the present study, the 543 bp cDNA sequence of SSAT1 (GenBank accession number: KM925008) of the Sichuan white goose was cloned. The cDNA contained a 516 bp ORF encoding a 171-amino acid protein. The SSAT1 cDNA sequence of the goose shared 91%, 80% and 79% sequence similarity with the SSAT1 genes of Gallus gallus (NM_204186.1), Mus musculus (NM_009121.4) and Homo sapiens (NM_002970.3), respectively. The predicted SSAT1 protein shared 98%, 87% and 85% amino acid sequence similarity with the SSAT1 amino acid sequences of Gallus gallus (NP_989517.1), Rattus norvegicus (NP_001007668.1) and Homo sapiens (NP_002961.1), respectively. The prediction of protein domains revealed that the putative amino acid sequence consisted of a 168-amino acid GCN5-related Nacetyltransferase domain and an acetyltransferase domain spanning 82 amino acids (Figure 1) . The physicochemical analysis of the SSAT1 protein revealed a molecular formula of C911H1382N226O265S10 with a putative molecular mass of 20 kDa. The theoretical isoelectric point of the SSAT1 protein was 4.87. The instability index of the SSAT1 protein was computed as 53.92, suggesting the protein was unstable. The subcellular distribution of the SSAT1 protein was predicted to be 56.5% cytoplasmic, 26.1% nuclear, and 17.4% mitochondrial. The secondary structure of the SSAT1 protein was predicted to consist of 45.03% alpha helix, 17.54% extended strand 5.85% Beta turn, and 31.58% random coil. A putative N-glycosylation site was identified at amino acid position 112 (Asn). Ten putative phosphorylation sites included 7 serine residues (Ser5, Ser65, Ser66, Ser70, Ser124, Ser146, and Ser149), 1 threonine residue (Thr56), and 2 tyrosine residues (Tyr46 and Tyr114). The phylogenetic analysis showed that the goose SSAT1 protein was the most similar to that found in Gallus gallus (Figure 2) . 
expression of SSAT1 mRNA in various tissues
As shown in Figure 3 , SSAT1 mRNA was observed in all the examined tissues. The highest expression level of SSAT1 in the Sichuan white goose was found in the pineal gland (P<0.05), and was 12-fold greater than in the heart. The SSAT1 mRNA expression in the liver and uterus was also significantly higher than in the other tissues, including heart, adrenal gland, breast muscle, thigh muscle, cerebrum, cerebellum, hypothalamus, spinal cord, retina and ovary tissues (P<0.05). 
expression of SSAT1 mRNA in ovarian follicles
The profile of SSAT1 mRNA expression in different follicles was determined in the Sichuan white goose (Figure 4) . The level of SSAT1 mRNA expression was significantly higher in the POF1 than that in the other follicles (P<0.05). In the POF, as the follicles regressed, the SSAT1 mRNA expression gradually decreased (P<0.05).
discussion
The complete SSAT1 ORF of the Sichuan white goose was cloned and characterized for the first time in this study. Casero et al. (1991) isolated a 972-bp SSAT1 cDNA encoding a 171-amino acid protein with a predicted molecular mass of 20 kDa from lung carcinoma cells. Pegg et al. (1992) cloned a hamster SSAT1 gene encoding a 171-amino acid sequence that was very similar to human SSAT1, with only 8 differences among the 171 amino acids and displaying 91% identity in the corresponding nucleotide sequence. These data showed that SSAT1 is highly conserved among mammals and indicated the ubiquitous distribution of this enzyme (Chen et al., 2003) . Our study showed that the goose SSAT1 amino acid sequence was highlyconserved when compared to other species, especially Gallus gallus. The predicted SSAT1 protein from the goose shared 98% similarity with that of Gallus gallus. It suggested that the SSAT1 amino acid sequence was highly-conserved among avian species, as well as among mammals.
The SSAT1 gene was widely expressed in the Sichuan white goose. The highest level of SSAT1 mRNA expression among all of the tissues examined was found in the pineal gland. Fraschini et al. suggested that the polyamine biosynthetic pathway in different organs of the rat was regulated, directly or indirectly, by the pineal gland. The pineal gland has thus been shown to be active in adult life in correlating endocrine-enzymatic functions (Fraschini et al., 1980) . In the present study, the high expression of SSAT1 in pineal gland tissue in the goose indicated that SSAT1 might play an important role in regulating the physiological function of the pineal gland. However, the functions under SSAT1 regulation remain to be demonstrated. Accumulating evidence indicates that SSAT1 is associated with depression or with suicide (Squassina et al., 2013; Pantazatos et al., 2015) . In this study, low expression levels of the SSAT1 gene were found for the first time in the cerebrum, cerebellum, hypothalamus, pituitary gland and spinal cord of the goose. Future studies are required to understand the functions and regulation of SSAT1 in avian species.
In birds, POF halts the process of progesterone biosynthesis and fails to form a functional corpus luteum. Furthermore, POFs rapidly regress via caspase-mediated apoptosis after ovulation (Johnson and Bridgham, 2002) . The increased SSAT1 expression can preferentially reduce the concentrations of spermidine and spermine, which are growth-promoting members of the polyamine family, leading to a decrease in the cell growth rate (Pegg, 2008) . In vitro, expression of SSAT1 causes oxidative stress, DNA damage, cell cycle arrest, and cell death (Chen et al., 2001; Zahedi et al., 2007) . These results suggest that elevated SSAT levels contribute to the onset of cell damage and tissue injury (Zahedi et al., 2014) . Our study showed that the SSAT1 mRNA expression level was highly expressed in POF1, and then decreased from POF1 to POF4 (P<0.05). Therefore, it is understandable that high SSAT1 mRNA expression accelerates the process of POF regression. It has been demonstrated that N1, N11-diethyl-norspermine, a spermine analog that activates polyamine catabolism, could cause the elevation of the SSAT1 expression level and H 2 O 2 induction in the cells temporally (Jiang et al., 2007) . As H 2 O 2 is the main reactive oxygen species (ROS) in vivo, it may cause DNA damage or regulate apoptosis-related genes to induce cell apoptosis by causing cell lipid peroxidation (Mikhailov et al., 2003) . Moreover, it has been reported that the active oxygen radical-scavenging system is involved in the ovulatory mechanism in humans (Sasaki et al., 1994) . A previous study showed that spermidine or spermine could protect cells from ROS (Rider et al., 2007) , and another study showed that in prostate cancer cells, SSAT1 activation induced by activated NF-κB can cause cells to produce ROS (Huang et al., 2015) . Overexpressing SSAT1 decreases the amount and antioxidant capacity of intracellular spermidine and spermine (Brett-Morris et al., 2014) , while the oxidation of spermine will produce more ROS (Zahedi et al., 2014) . Therefore, in POFs, a higher level of SSAT1 mRNA expression may elevate intracellular ROS levels, thus accelerating apoptosis, and then promote POF degradation. Further research is needed to elucidate this molecular mechanism.
In summary, this study was the first report and characterization of the full-length coding sequence of the 516 bp SSAT1 gene encoding a 171-amino acid protein in the Sichuan white goose. High level of SSAT1 mRNA expression in the goose pineal gland relative to the other examined tissues indicates that SSAT1 might play an important role in regulating pineal gland function. The levels of SSAT1 mRNA expression were relatively lower in preovulatory follicles, compared to the POFs, particularly in POF1. Furthermore, as postovulatory follicles degenerated, SSAT1 expression gradually decreased. These data suggest that SSAT1 plays an important role in POF regression.
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